Cyamopsis tetragonoloba (L) endosperm predominantly contains guar gum a polysaccharide, which has tremendous industrial applications in food, textile, paper, oil drilling and water treatment. in order to understand the genes controlling galactomannan biosynthesis, mRnA was isolated from seeds collected at different developmental stages; young pods, mature pods and young leaf from two guar varieties, HG365 and HG870 and subjected to Illumina sequencing. De novo assembly of fourteen individual read files from two varieties of guar representing seven developmental stages gave a total of 1,13,607 contigs with an N50 of 1,244 bases. Annotation of assemblies with GO mapping revealed three levels of distribution, namely, Biological Processes, Molecular Functions and Cellular Components. GO studies identified major genes involved in galactomannan biosynthesis: Cellulose synthase D1 (CS D1) and GAUT-like gene families. Among the polysaccharide biosynthetic process (GO:0000271) genes the transcript abundance for cS was found to be predominantly more in leaf samples, whereas, the transcript abundance for GAUT-like steadily increased from 65% to 90% and above from stage1 to stage5 indicating accumulation of galactomannan in developing seeds; and validated by qRT-PCR analysis. Galactomannan quantification by HPLC showed HG365 (12.98-20.66%) and HG870 (7.035-41.2%) gradually increasing from stage1 to stage 5 (10-50 DAA) and highest accumulation occurred in mature and dry seeds with 3.8 to 7.1 fold increase, respectively. This is the first report of transcriptome sequencing and complete profiling of guar seeds at different developmental stages, young pods, mature pods and young leaf material from two commercially important Indian varieties and elucidation of galactomannan biosynthesis pathway. It is envisaged that the data presented herein will be very useful for improvement of guar through biotechnological interventions in future.
functional annotation and analysis of unigenes. The sequence annotation statistics reveal that InterProScan Ids were assigned to all the 1,13,607 contigs, out of which 43,133 contigs showed Blast hits, 37,039 contigs were mapped and 30,134 contigs were completely annotated with GO mapping and InterProScan respectively as shown in Supplementary Figure 1 . Top hit species distribution analysis showed that guar unigenes have a very high homology to several other legume species such as, Glycine max and Glycine soja followed by Medicago truncatula and Vigna radiata as shown in Supplementary Figure 1D . The BLASTX program was used for the annotation of assembled unigenes from pods young and pods mature against the Nr database, with a set cut off E-value of 1e −5 and the percent base match for top hit homology identification are shown in Supplementary  Figure 1E ,F. On the basis of homology results, the unigenes were assigned different GO terms. The GO terms were distributed into functional groups based on BLASTX results, which were further classified into three main categories viz. Biological Processes, Molecular Functions and Cellular Components as shown in Fig. 1 . The three gene ontologies are related in a parent child hierarchy wherein at higher levels parental ontologies govern the sownstream processes. For example if a contig has a GO level of 6, there are five parent levels above with the child level being more discrete than the parent levels. Contigs comprising the more discrete child GO terms were analysed for differential expression in comparison between the HG870 and HG365 varieties. The top GO terms in Biological Processes category was found to be Metabolic process" (20, 087) , "Cellular process" (15, 994) , "Single-organism process" (10, 662) and "Biological regulation" (4, 919) . Similarly, the major GO terms observed in Molecular Functions category were "Catalytic activity" (17, 295) , "Binding" (15, 031) and "Transporter activity" (2161) and Signal transducer activity (680), whereas, in Cellular Componenets category GO terms like Cell (13, 830) , Cell part (13, 753) , Membrane (12, 547) , Membrane part (10, 169) were highly enriched. Our results of functional annotation and analysis of unigenes are in agreement to the data reported for leaf, shoot and flower 27 from guar variety RGC-936 and leaf 25 of guar variety RGC-1066 and M-83.
Gene expression analysis (DEG) and enzyme discovery. Among the total number of 43,133 contigs that showed Blast hits, 37,039 contigs were mapped and 30,134 contigs were completely annotated and thereby assigned Enzyme Codes (EC). All the unigenes assigned with EC numbers were grouped into six different classes of enzymes, with transferases, hydrolases and oxidoreductases accounting for 89.8% the major enzyme classes as shown in Fig. 2 . Predicted enzyme code distribution showed (Fig. 2) ; about 4,300 enzymes with transferase capabilities, 3,375 with hydrolase activity and more than 2,000 enymes with oxidoreductase activity. Lyase, isomerase and ligases comprised the remaining three enyme class with each category comprising of 511 contigs or less accounting for 10.2% of the reported enzyme assignments.
Gene ontology studies of the transcriptome data identified major genes involved in polysaccharide biosynthesis such as Cellulose Synthase D1 (CS D1) and Galacturonosyltransferase -like (GAUT -like) gene families. Among the polysaccharide biosynthesis (GO:0000271) genes, the transcript abundance was shown as percentage of contigs present in the corresponding gene family as shown in Fig. 3 . Further, we studied the expression pattern of CS D1 gene and GAUT-like gene family based on RPKM values at different developmental stages1-5 and stage7 (young leaf) in HG365 and HG870 varieties of guar ( Fig. 3 ). Among the polysaccharide biosynthetic process (GO:0000271) genes the transcript abundance for CS D1 was found to be predominantly more in leaf samples stage7, whereas, the transcript abundance for GAUT-like steadily increased from 65% to 90% and above from stage1 to stage5 indicating accumulation of galactomannan in developing seeds. Among the two varieties the transcript abundance for GAUT-like were consistently higher in HG870 as compared to HG365. Therefore, higher expression of GAUT -like family genes during seed development is directly linked to accumulation of galactomannan in guar seeds (highest being in stage5). Our results are in agreement to the data reported for transcript abundance for accumulation of galactomannan in developing seeds from 25 to 38 days post anthesis in fenugreek 24 .
Similarly, relative expression pattern of CS D1 and GAUT -like (1, 3, 4, 7, 9, 10) gene families based on RPKM values in two varieties HG365 and HG870 was also found to be developmentaly regulated from stage1 to stage5 indicating accumulation of galactomannan in developing seeds as shown in Fig. 4 . The relative expression profile of three other important enzymes involved in Galactomannan biosynthesis based on RPKM values derived from transcriptome data showed that Mannan synthase-1 (MS-1) ( Fig. 5 ), Xyloglucan glycosyltransferase isoforms (CSLC) ( Supplementary Figure 2) and Galactinol-sucrose galactosyltransferase-2 (AGA2) (Supplementary Figure 3 ) also showed similar trend. Among the above 3 genes the expression level (RPKM) of MS-1 and AGA2 has shown to increase gradually till the later stages of pod development which is directly linked to biosynthesis and storage of galactomannan in guar seeds. The KEGG pathway enrichment of DEG's for GO:0051070 Galactomannan biosynthesis process has been presented as Supplementary Figure 4 .
Validation of pcR primers. Validation of PCR primers for gene families or enzymes involved in
Galactomannan biosynthesis from two elite commercially important Indian Guar (Cyamopsis tetragonoloba L) varieties, namely, HG365 and HG870 was performed by designing twenty two sets of forward and reverse primers as shown in Table 1 . PCR amplification of cDNA obtained from mRNA isolated from pods collected from guar varieties HG365 and HG870 at different developmental stages; Days After Anthesis (DAA) e.g. 10, 20, 30, 40 and 50; pods young, pods mature and young leaves showed a variable response as shown in Table 2 . Experiments were repeated twice with separate isolation of RNA from all the samples, synthesis of cDNA and PCR amplification for ruling out experimental errors. The Ct_9050; Hexokinase, Primer Code 3 showed amplicon size of 152 bp at all the stages of development as shown in Fig. 6A . The Ct_2106; Sucrose synthase, Primer Code 10 showed amplicon size of 152 bp at all the stages of development for both the varieties as shown in Fig. 6B . The Ct_12647; Mannan synthase, Primer Code 11 showed amplicon size of 144 bp at all the stages of development for both the varieties as shown in Fig. 6C . The Ct_1088; Alpha galactosidase, Primer Code 13 showed amplicon size of 150 bp at all the stages of development for both the varieties as shown in Fig. 6D . Validation of twenty two sets of PCR primers for www.nature.com/scientificreports www.nature.com/scientificreports/ gene families or enzymes involved in Galactomannan biosynthesis from two elite commercially important Indian guar (Cyamopsis tetragonoloba L) varieties, namely, HG365 and HG870 have been summarized in Table 2 with either amplification of desired size amplicon (S), or more than one band (M) or no amplification (N).
Fold change expression analysis by qRT-PCR.
The average CT values of the three housekeeping genes SPT5, HPATcp and PAGM are shown in Supplementary Figure 5 . It was found that SPT5 and HPATcp gave fairly high CT values and lot of inconsistency (unstable), whereas, PAGM gave fairly low and stable average CT values across different developmental stages of pod/seed formation employed from stages 1 to 8. Therefore, PAGM was chosen as the most stable housekeeping gene for normalizing the data. The specificity of primers employed in the present investigation for PAGM as a house keeping gene across eight developmental stages of pod/seed formation, leaf, pods young, pods mature in qRT-PCR analysis as Melt curve with all stage samples showing single peak is shown in Supplementary Figure 6 . Similarly, the specificity of primers for the enzymes involved in galactomannan biosynthesis; e.g. gene of interest Ct_2106; Sucrose synthase, Primer Code 10 (152 bp) Ct_12647 and Mannan synthase, Primer Code 11(144 bp) across eight developmental stages of pod/seed formation, leaf, pods young, pods mature in qRT-PCR analysis as Melt curve with all stage samples showing single peak is shown in Supplementary Figure 7 . Similar results of Melt curve were obtained for other primer code enzymes involved in galactomannan biosynthesis in the present investigation (data not shown). Fold change gene expression profile of Primer codes 1, 3, 6, 7, 8, and 9 represented by Acid beta fructofuranosidase (Invertase), Hexokinase, Phosphomannomutase, mannose-6-phosphate isomerase, and sucrose synthase are shown in Fig. 7 and primer codes 11, 12, 13, 17, 20 and 21 are shown in Fig. 8 represented by Mannan synthase, Alpha galactosidase, Fructokinase, Manose 1 phosphate guanyl transferase, Galctosyl transferase involved in Galactomannan biosynthesis of two cluster bean varieties HG365 and HG870 derived samples collected at different developmental stages of pod/seed formation (DAA) Days After Anthesis e.g. 10, 20, 30, 40, 50, leaf, young pods and mature pods (represented by numbers 1, 2, 3, 4, 5, 6, 7, and 8) was achieved. The expression profile in HG870 has been found to be higher across all stages of development from stage 1, 2, 3, 4, 5, 6 and 8 as compared to stage 7 of young pods used as a calibrator. Several of the enzymes such as Invertase, Hexokinase, Phosphomannomutase, mannose-6-phosphate isomerase, sucrose synthase, and mannan synthase were found to show low fold change gene expression in early stages (1, 2) of development which gradually increased from stage 3 to 5 and in many cases was found to be highest in stage 8 at mature stage. Indicating thereby that these enzymes are specifically involved in galactomannan biosynthesis with highest accumulation and expression in stage 8 the mature pod. However, Stage 6 representing leaf samples consistently showed low fold change gene expression in all the primers except for primer 7 mannose-6-phosphate isomerase, primer 8 sucrose synthase, primer 12 mannan synthase and primer 21 galactosyl transferase which indicates that these enzymes are actively expressed in leaf tissues. Our results of Mannan synthase expression profile are in agreement to the data presented for guar www.nature.com/scientificreports www.nature.com/scientificreports/ of galactomannan in alcohol insoluble residues as shown in Fig. 9 . The HPLC analysis of alcohol insoluble residue extracts of HG365 seeds revealed that galactomannan content varied from 12.98% to 20.66% across Stage1 to Stage5 (10 to 50 days post anthesis) and HG365 dry seed extracts exhibited 38.95% galactomannan content. Similarly, extracts of HG365 endosperm revealed that galactomannan content varied from 4.86% to 16.95% across Stage2 to Stage5 and HG 365 dry seed endosperm extracts exhibited 49.375% galactomannan content as shown in Fig. 9 . On the other hand, extracts derived from HG870 seeds revealed that galactomannan content varied from 7.035% to 41.2% across Stage1 to Stage5 and HG870 dry seed extracts exhibited 42.49% galactomannan content. Similarly, extracts of HG870 endosperm revealed that galactomannan content varied from 10.325% to 31.105% across Stage2 to Stage5 (10 to 50 days post anthesis) and HG870 dry seed endosperm extracts exhibited 50.145% galactomannan content as shown in Fig. 9 . Overall the galactomannan content in both the varieties HG365 and HG870 gradually increased from Stage1 through Stage5 (10 to 50 days post anthesis) and highest accumulation occurred in mature and dry seeds with 3.8 to 7.1 fold increases, respectively. Guar variety HG870 showed higher accumulation of galactomannan content over HG365. The extract derived from seed coat of both the varieties exhibited negligible amount of galactomannan content. Low levels of glucose and fructose varying from 0.01% to 0.08% for HG365 variety and 1.34% to 3.48% for HG870 variety was obtained in early stages of seed development of Stage2, Stage3 and Stage4 (20, 30, 40 days after Anthesis; data not shown). Similarly, accumulation of various sugars and deposition of galactomannan in endosperm has been reported across various stages of seed development from 25 to 50 days post anthesis in Trigonella foenum graceum 24 confirming that they are developmentally regulated.
proposed galactomannan biosynthesis pathway in cluster bean. Galactomannan is the major storage polysaccharide in guar seeds and accumulates in cell walls of the endosperm, accounting for up to 26-35% of the seed dry weight. Proposed outline of galactomannan biosynthesis in endosperm cell cytosol of guar highlighting the importance of sucrose as a building block is shown in Fig. 10 . α-linkage to a mannose at or near the non-reducing end of the growing mannan chain. Importantly, galactose cannot be transferred to preformed mannose chains. The activities of the two transferases increase in parallel during the period of galactomannan synthesis, such that the M:G ratio in the polymer remains constant. Three enzymes are involved in the hydrolysis of galactomannan during seed germination: β-mannosidase, which hydrolyses the oligomannans released by prior endo β-mannanase activity; β-mannanase, which cleaves the mannan backbone; and α-galactosidase (EC 3.2.1.22) which concomitantly removes the galactose side-chain unit.The proposed galactomannan biosynthesis pathway in the present investigation is in agreement to the pathway proposed in Trigonella foenum graceum 24 and in guar variety RGC-936 seed 28 2%. GO studies identified major genes involved in galactomannan biosynthesis: Cellulose synthase D1 (CS) and GAUT-like gene families. Among the polysaccharide biosynthetic process (GO:0000271) genes the transcript abundance for CS was found to be predominantly more in leaf samples, whereas, the transcript abundance for GAUT-like steadily increased from 65% to 90% and above from stage1 to stage5 indicating accumulation of galactomannan in developing seeds. Similarly, relative expression pattern of two important enymes, namely, Mannan synthase and Galactosyl transferase based on RPKM values was also found to be developmentaly regulated from stage1 to stage5 indicating accumulation of galactomannan in developing seeds. The same was validated in qRT-PCR analysis where several enzymes: Invertase, Hexokinase, Phosphomannomutase, Phosphomannoisomerase, Sucrose synthase and Mannan synthase were found to exhibit low fold change gene expression in early stages (1,2) of guar seed development which gradually increased from stage3 to stage5 and in many cases was found to be highly expressed in stage8 (mature pod) convincingly proving that these enzymes were directly involved in galactomannan Scientific RepoRtS | (2019) 9:11539 | https://doi.org/10.1038/s41598-019-48072-w www.nature.com/scientificreports www.nature.com/scientificreports/ biosynthesis in both the varieties.The expression profile of all these enzymes were found to be higher across all stages of development in HG870. The HPLC analysis of alcohol insoluble residue extracts in both the varieties HG365 (12.98-20.66%) and HG870 (7.035-41.2%) gradually increased from stage1 stage5 (10-50 DAA) and highest accumulation occurred in mature and dry seeds with 3.8 to 7.1 fold increase, respectively. Outline of the galactomannan biosynthesis pathway has been proposed in the endopsperm cell cytosol of guar highlighting the importance of sucrose as a building block. This is the first report of transcriptome sequencing and complete profiling of guar seeds at different developmental stages (days after anthesis), young pods, mature pods and young leaf material from two commercially important Indian varieties and elucidation of galactomannan biosynthesis pathway. It is envisaged that the data presented herein will be very useful for improvement of guar through biotechnological interventions in future.
Methods

collection of plant material and isolation of RnA. Two elite commercially important Indian guar
(Cyamopsis tetragonoloba L) varieties, namely, HG365 and HG870 were sown in field in Kharif season of July-August, 2015 in fertile and sandy loam soil as shown in Supplementary Figure 9 . Guar variety HG365 is early maturing (85-90 days), branched, moderate accumulator of galactomannan, whereas, the variety HG870 is early maturing (85-95 days), moderately resistant to Alternaria leaf blight, Bacterial leaf blight and root rot, high yielding and a high accumulator of galactomannan. Irrigation and minimum fertilizer application was provided as per recommended agricultural practices and harvested in October-November. Pods were collected at different developmental stages Days After Anthesis (DAA) e.g. 10, 20, 30, 40 and 50; pods young and pods mature were also collected as shown in Fig. 11 . Simultaneously, surface sterilized seeds of both the varieties were germinated on MS basal medium in Jam bottles in Plant Tissue Culture Laboratory maintained at 25 + 2 °C under light conditions for collection of young leaf material from 7-10 day-old germinated seedlings as shown in Fig. 11 . The collected plant material was quickly frozen in liquid nitrogen and stored at −80 °C until further use. Total RNA was isolated using RNA Sure Plant Kit Nucleo-Pore (Genetix Biotech Asia Pvt. Ltd., New Delhi, India) from elite Indian guar (Cyamopsis tetragonoloba L) varieties at different developmental stages of pod/seed formation (DAA) Days After Anthesis e.g. 10, 20, 30, 40 and 50, pods young, pods mature and young leaves by employing 200 mg of tissue grinded in liquid nitrogen using pestle mortar as per manufacturer's protocol with minor modifications. Briefly, added 1.0 ml of RLB-P lysis buffer, vortex and loaded on to RNASure Shredder, centrifuged at 10,000 rpm, at 4 °C for 3 min using Sigma 4K-15, GmbH, Germany and transferred the filtrate to a new eppendorf tube. Added 700 µl of 70% ethanol, mix by pulse vortex. Take a RNASure Plant column along with collection tube and loaded the lysate on to this column for binding RNA, centrifuged at 10,000 rpm, at 4 °C for 1 min. Added 350 µl of RDB www.nature.com/scientificreports www.nature.com/scientificreports/ buffer for desalting and centrifuged at 10,000 rpm, at 4 °C for 1 min. Separately, added 10 µl of DNase to 90 µl of DNase reaction buffer in 1.5 ml tube for removing traces of genomic DNA, mix and apply 95 µl of it directly to silica membrane of RNASure Plant Column. Incubated at room temperature for 15 min. Added 200 µl washing buffer RWB2 buffer and centrifuged at 10,000 rpm, at 4 °C for 1 min. Discard flow through and place the RNASure Plant column to a new collection tube. Repeated the above washing step twice with first 600 µl and then with 200 µl of washing buffer RWB3 and centrifuged at 10,000 rpm, at 4 °C for 2 min discard the flow through and transferred the column to a new collection tube. Allowed the column to dry at room temperature for 3-4 min and then eluted the RNA with 50 µl of RNase free water. The mRNA was purified from total RNA using oligo-dT columns. The mRNA samples were quantified and qualified on the Agilent Technologies 2100 Bioanalyzer (Santa Clara, California, USA).
Library preparation and transcriptome sequencing. Synthesis of double stranded cDNA and preparation of cDNA library of elite Indian Guar (Cyamopsis tetragonoloba L) varieties at different developmental stages of pod/seed Formation (DAA) Days After Anthesis was accomplished as per the Illumina protocol. The Transcriptome sequencing was accomplished on the Illumina HiSeq4000 NGS platform (San Diego, California, USA). Gene Expression Analysis (DEG) and Enzyme Discovery were completed with the Qiagen CLC Genomics Work Bench 9.5 (Waltham, Massachusetts, USA) -hereafter referred to as CLC. Pipelined steps are given as follows:-Raw read (paired end −100bp) files were imported in CLC WB using NCBI/Sanger illumina pipeline 1.8 or later option, reads were base quality trimmed, merged and de novo assembled. Assembled contigs were annotated using Blast2GO software from BioBam Bioinformatics (Valencia, Spain). Various stages of seed development of cluster bean varieties HG365 and HG870 were mapped with at least a 12 times coverage to the overall Cyamopsis tetragonoloba assembly with associated RPKM values. Pods young and Pods mature Transcriptome sequence were mapped to the overall Cyamopsis tetragonoloba assembly with associated RPKM values. Reads Per Kilobase per million Reads (RPKM) were calculated according to Mortazavi et al. 29 .
RNA-Seq data analysis and de novo transcriptome assembly. The sequencing raw reads received in
FastQ format, were processed for per base quality check by using FastQC version 0.11.4 30 . The adaptor sequences and reads having PHRED quality score less than 30 were filtered out and were not considered for transcriptome assembly. Further quality filtering and trimming of the raw reads was obtained by Trimmomatic software version 0.36 31 .The clean reads were imported to Qiagen CLC Genomics Work Bench 9.5 (Waltham, Massachusetts, USA) using NCBI/Sanger illumina pipeline 1.8 or later option, and were then de novo assembled with parameters given in Supplementary Table 1 . Further processing was done by cleaning the transcripts by using perl script SeqClean (https://sourceforge.net/projects/seqclean/) in order to remove rRNA sequences, low-complexity RNA and polyA stretches. Subsequently, CD-HIT software version 4.6.1 32 was employed to cluster the transcripts and thereby remove redundancies and obtain non-redundant unigenes. For which the sequence identity parameter was set at 0.95 (Altschul et al., 1990) . The estimation for the expression level of unigenes (Pods young and Pods mature), FPKM (Fragments per kilobase of transcript per millions fragments sequenced) was performed by RSEM (RNA-Seq by Expectation Maximization). The unigenes having FPKM values less than 1 and length less than 200 bp were removed, to assure that the resulting assembly was of good quality 33 . functional annotation of cyamopsis tetragonoloba pods transcriptome. The resulting unigenes were BLAST searched against the public database. The BLASTX tool 34 was employed to carry out the sequence similarity search of unigenes against NCBI non-redundant protein (Nr) database with the help of Blast2GO tool version 3.1.3 35 and a cut-off E-value set at 1e −5 . Blast2GO suite was employed to carry out InterproScan (IPS) Search, to map and fetch the Gene ontology terms (GO) and unique enzyme code (EC) annotations of unigenes from seeds collected at different developmental stages, pods young, pods mature and young leaf samples of Cyamopsis tetragonoloba. Later the WEGO tool 36 was employed to carry out the functional classification of the genes present in the transcriptome into different categories like Biological Processes, Molecular Functions and Cellular Components. Blast2GO tool was also used for the annotation of unigenes against Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways database 37 .
Differential gene expression analysis. The Bioconductor package edgeR (Extraction of Differential Gene
Expression R Package 3.3.1) was used to extract differentially expressed genes (DEGs) between different stages of seeds/pod development. The p-value of ≤0.05 and two-fold change (C value ≥ 1) was set as the threshold for the identification of DEGs.
Functional classification and biological pathway elucidation. Designing of PCR primers. Twenty
two sets of forward and reverse primers of Gene of Interest were designed for selective members of gene families of enzymes potentially involved in galactomannan biosynthesis pathway and three sets Housekeeping gene primers, namely SPT5, HPATcp and PAGM from the transcriptiome data were designed as shown in Table 1 and Supplementary Table 2 .
Synthesis of cDNA and validation of PCR primers. Two elite Indian guar (Cyamopsis tetragonoloba
L) varieties, namely, HG365 and HG870 were sown in field in Kharif season of July-August, 2016 as described earlier. Total RNA was isolated using RNA Sure Plant Kit Nucleo-Pore (Genetix Biotech Asia Pvt. Ltd., New Delhi, India) from elite Indian guar (Cyamopsis tetragonoloba L) varieties at different developmental stages of pod/seed formation (DAA) Days After Anthesis e.g. 10, 20, 30, 40 and 50, pods young, pods mature and young leaves by employing 200 mg of tissue as described earlier. A 2 µg of template RNA was used for the synthesis of cDNA using QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany) in a two step method as per manufacturer's protocol in a total reaction volume of 40 µl. Briefly, added 4 µl of gDNA wipe-out buffer 7X, 2 µg of template RNA, and the volume was made to 28 μl with RNase free water followed by incubation at 42 °C for 2 min and immediately placed on ice. Prepared Reverse transcription master mix on ice by taking 2 µl of Reverse transcription master mix (Quantiscript Reverse Transcriptase), 8 µl of Quantiscript RT buffer 5X, 2 µl RT primer mix. Added 28 μl of the reaction mix from step one to the above tube containing 12 µl of Reverse transcription master mix. Mixed and incubated at 42 °C for 15 min, followed by incubation at 95 °C for 3 min. The cDNA synthesized was qualified and quantified using agarose gel electrophoresis and NanoDrop spectrophotometer ND1000 (Thermo Scientific, Wilmington, Delaware) and stored at −20 °C until further use.
An aliquot of 0.5 µl of cDNA was used as a template for PCR amplification using twenty two different set of primers designed for selective members of gene families potentially involved in galactomannan biosynthesis pathway described above. Amplifications were carried out in peqStar 2X gradient Thermocycler (VWR International GmbH, Germany) programmed for initial denaturation at 94 °C for 2 min, denaturation at 94 °C for 45 sec, followed by 36 cycles each consisting of initial denaturation at 94 °C for 2 min, annealing at 52-54 °C for 1 min and elongation at 72 °C for 2 min. Final extension step included 72 °C incubation for 10 min, and soak at 4 °C. qRT-PCR analysis. For quantitative real time PCR analysis QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany) was employed using Rotor GeneQ. 5plex HRM cycler. The machine was programmed for initial denaturation at 95 °C for 15 min, denaturation at 94 °C for 15 sec, followed by 36 cycles each consisting of initial denaturation at 94 °C for 15 sec, annealing at 52-54 °C for 30 sec and elongation at 72 °C for 30 sec. The qPCR reaction mixture contained 10 ng of template cDNA, 1X QuantiTect SYBR Green PCR master mix (Qiagen, Hilden, Germany), 0.25 μM of each primer (Eurofins Genomics India Pvt. Ltd., Bengaluru, India) and the volume was made to 20 μl www.nature.com/scientificreports www.nature.com/scientificreports/ with RNase free water in 0.1 ml Strip tubes with caps (Qiagen, Hilden, Germany). Twenty two different set of primers designed for selective members of gene families potentially involved in galactomannan biosynthesis pathway were employed. The qRT-PCR batch experiments were performed by employing one set of primers designed for each of the selective members of gene families of enzyme across different developmental stages of pod/seed formation (DAA) Days After Anthesis e.g. 10, 20, 30, 40 and 50, leaves, pods young and pods mature coded as stage 1, 2, 3, 4, 5, 6, 7 & 8 from two elite Indian guar (Cyamopsis tetragonoloba L) varieties, namely, HG365 and HG870. Three housekeeping genes were designed from Transcriptome sequence contigs data and employed as housekeeping or reference genes and got synthesized from Sigma-Aldrich, India (Merck). These were transcription elongation factor SPT5 (Ct_1828), histidinol-phosphate chloroplastic-like gene HPATcp (Ct_2645) and phospho acetyl glucosamine mutase gene PAGM (Ct_14209). The housekeeping gene which gave fairly low and stable average CT values across different developmental stages of pod/seed formation from stage 1 to 8 was employed for gene expression analysis. On the other hand, commonly used housekeeping genes such as Actin, Ubiquitin or β-globin were also designed from the Transcriptome data and employed for qRT-PCR analysis. However, these three HK genes gave fairly high CT values along with lot of inconsistency so were not employed in present investigation (data not shown). Melt curve analysis was performed from 65 °C to 95 °C for verification of amplicon specificity. The experiment was repeated with two biological replicates and the average CT values of Housekeeping gene HK were deducted from average CT values of Gene of Interest for twelve enzymes with primer code 1 to 21 involved in Galactomannan biosynthesis giving ΔCT. The values so obtained were employed for subtracting the CT values of calibrator which was taken as stage 7 young pods for obtaining ΔΔCT. Thus, CT values of Gene of interest were first normalized by phospho acetyl glucosamine mutase gene (PAGM) served as a Housekeeping gene and further normalized from stage 7 young pod values by employing the 2 ΔΔCT method of Livak and Schmittgen 38 for calculating fold change expression. www.nature.com/scientificreports www.nature.com/scientificreports/ Quantification of galactomannan. Estimation of galactomannan from two elite Indian Guar (Cyamopsis tetragonoloba L) varieties, namely, HG365 and HG870 at different developmental stages of pod/seed formation (DAA) Days After Anthesis e.g. 10, 20, 30, 40, 50 and dry seed was accomplished using HPLC RI detector from Oniosome Health Care Pvt. Ltd., Mohali, Punjab, India by following the protocol given for Trigonella foenum graceum 24 with minor modifications. Seeds samples at different developmental stages, namely, Stage 1, 2, 3, 4, 5 and dry seeds and endosperm of stage 2, 3, 4, 5, dry seeds and seed coat were employed for quantification of galactomannan in Alcohol Insoluble Residues (AIR) as shown in Supplementary Figure 10 . Briefly, five seeds/ endosperm/seed coat at different developmental stages were randomly collected, grinded in liquid nitrogen using pestle mortar and transferred the powder to 2.0 ml screw cap tubes. Added 1.8 ml 70% ethanol, mixed, briefly vortexed and incubated at 65 °C for one h followed by centrifugation at 10,000 rpm for 5 min. Discard supernatant and resuspended pellet in 1.0 ml 70% ethanol, mixed followed by centrifugation at 10,000 rpm for 5 min. This step was repeated twice and the AIR pellet so derived was subjected to lyophilization by vaccum drying over night. The alcohol insoluble residue pellet was weighed and resuspended in 1.0 ml HPLC grade water for further analysis. The samples were diluted and filtered through 0.22 µM Whatman filter membrane. Analysis of sugars was performed by injecting 20 µl of sample and analyzed using HPLC Agilent 1200 series equipped with Refractive Index Detector having Amino bonded column (250 mm × 4.5 mm, 5 µM) with flow rate of 1.0 ml min −1 Column temperature of 65 °C using mobile phase of Acetonitrile: water (80:20 v/v). The standards for galactomannan and other sugars were purchased from Sigma-Aldrich, India. The chromatograms obtained were used first for estimation of amount of galactomannan in each of the sample by taking into account sample area, dilution and slope of curve; and percentage of galactomannan was calculated by dividing the amount of galactomannan obtained in each sample by the initial sample weight. The experiment was repeated twice and the average values were plotted for percentage galactomannan at different stages of seed development. 
